Effect of internal optical loss on the modulation bandwidth of a quantum dot laser We show that the internal optical loss, which increases with free-carrier density in the waveguide region, considerably reduces the modulation bandwidth x À3 dB of a quantum dot laser. At a certain optimum value j opt 0 of the dc component of the injection current density, the maximum bandwidth x max À3 dB is attained and the modulation response function becomes as flat as possible. With internal loss cross-section r int increasing and approaching its maximum tolerable value, x max À3 dB decreases and becomes zero. As with j opt 0 , there also exists the optimum cavity length, at which x À3 dB is highest; the larger is r int , the longer is the optimum cavity. The optical output in edge-emitting semiconductor lasers is provided by photons leaving the cavity through its mirrors. In addition to this useful output loss, there is also parasitic loss of photons, which occurs within the laser cavity and, for this reason, is termed internal optical loss. There can be several mechanisms for internal loss, [1] [2] [3] [4] [5] [6] such as freecarrier absorption, intervalence band absorption, and scattering at rough surfaces. While there have been studies of the effect of internal loss on the threshold and power characteristics of semiconductor lasers with a quantum-confined active region and, particularly, quantum dot (QD) lasers, [7] [8] [9] no consideration of the dynamic properties of QD lasers in the presence of internal loss has been given so far. In this work, we study the modulation response of a QD laser taking into account the carrier-density-dependent internal loss in the optical confinement layer (OCL). To mainly focus on the effect of internal loss, we do not consider here some other factors, among them the carrier capture delay from the OCL into QDs, 10 which also affect the modulation bandwidth of a laser.
To consider a direct modulation of the laser output by alternating current (ac), we use the small-signal analysis [11] [12] [13] [14] [15] [16] [17] and hence we assume that the ac component dj of the injection current density is small. For small variations d… of the corresponding quantities (around their steady-state values) caused by dj, we have the following rate equations:
where n ¼ n act þ n OCL , n act and n OCL are the carrier densities in the active region and OCL, respectively, n ph is the photon density (per unit volume of the OCL) in the lasing mode, e is the electron charge, b is the thickness of the OCL, and R non-stim is the rate of the processes of non-stimulated recombination of carriers in the active region and OCL. In Eqs. (1) and (2), the rate of stimulated recombination of carriers, which is the same as the rate of stimulated emission of photons, is
where v g is the group velocity of light and g is the modal gain of the laser. The photon loss rate in Eq. (2) is the sum of the useful output (mirror) and parasitic (internal) loss rates,
where b ¼ (1/L) ln(1/R) is the mirror loss coefficient, L is the cavity length, and R is the mirror reflectivity. In the general case, the internal loss coefficient can be presented as [7] [8] [9] a int ¼ a 0 þ r int n OCL ;
where the constant component a 0 accounts for scattering at rough surfaces and free-carrier absorption in the cladding layers, and the component r int n OCL describes free-carrier and intervalence band absorption in the OCL with r int being the effective cross-section for these absorption loss processes. As seen from Eq. (5), a int will vary with time through such variation in the free-carrier density n OCL caused by the ac current. Hence, as seen from Eqs. (4) and (5), the temporal variation of the photon loss rate will be due to such variation of not only the photon density n ph but n OCL as well.
Considering a time-harmonic ac injection current density, dj ¼ dj m exp(ixt), we find from Eqs. (1) and (2) the frequency-dependent amplitude dn ph-m (x) of the timeharmonic photonic density and then the modulation response function H(x), While the shape of H(x) depends strongly on the internal loss ( Fig. 1) , as a function of the frequency x of direct modulation and parameters C dec and x 0 , expression (6) is the same as for the case of no internal loss. 18 The decay rate of relaxation oscillations is given by
where
max is the maximum value of the modal gain, and f n,0 is the confined-carrier level occupancy in a QD. Except for a 0 and x 0 , "0" in the subscripts of all the other quantities denotes their steady-state values.
In terms of the quantities s dif nonÀstim , G dif , and n ph,0 , expression (7) is also the same as for the case of no internal loss. 18 Each of these quantities is, however, affected by the internal loss.
For x 0 entering into Eq. (6), we have
where s ph,0 is the photon lifetime in the cavity,
Due to the internal loss, s ph,0 depends on the free-carrier density n OCL,0 in the OCL.
For the modulation bandwidth, which is defined as the À3 dB bandwidth [10 log 10 H(x À3 dB ) ¼ À3, see Fig. 1 ], we derived
where r ¼ 10 0.3 % 1.995 and
The steady-state photon density n ph,0 , entering into Eqs. (7) and (8), is a function of the dc component j 0 of the injection current density (the relationship between n ph,0 and j 0 is given by the light-current characteristic). Consequently, all the quantities C dec , x 0 , x peak , x À3 dB , and the response function H(x) depend on j 0 as well.
When H(x) has a peak (which occurs only for a certain range of values of the dc component j 0 of the injection current density), Eq. (11) presents the frequency of the peak. Equation (10) for x À3 dB holds also for those j 0 at which there is no peak in H(x) -in that case too, x peak is formally given by Eq. (11) is negative. With increasing j 0 above the threshold current density j th , the modulation bandwidth increases from zero, approaches its maximum value x max À3 dB (marked by the symbol "x" in Fig. 2 ) at a certain optimum dc current density j opt 0 , then decreases and will asymptotically approach its saturation value. At j 0 ¼ j opt 0 , when the maximum bandwidth x max À3 dB is attained, the peak of the response function occurs at x peak ¼ 0 and the response function becomes as flat as possible (Fig. 1) .
Analyzing Eq. (10) for x À3 dB as a function of j 0 , we obtained the following expression for x max À3 dB :
where we used Eq. (5) for a int and the equation is the effective density of states in the OCL, E n is the carrier excitation energy from a QD, and T is the temperature (in units of energy).
Due to the free-carrier-density-dependent internal loss, the confined-carrier level occupancy in a QD f n,0 entering into Eq. (12) is itself a function of r int . In Ref. 7, the following expression was derived for f n,0 from the steady-state lasing condition (equality of the gain to the total loss): 
For r int > r max int , the lasing is not attainable in the structure and, naturally, no direct modulation is possible.
While x max À3 dB depends strongly on r int , the flattest response function (the response function at j 0 ¼ j opt 0 ) is universal in terms of the normalized modulation frequency x=x max À3 dB (the inset in Fig. 1 ),
As seen from Fig. 4 , as a function of the cavity length, x max À3 dB has a maximum. With increasing L from the shortest tolerable cavity length required for lasing, 19 x max À3 dB increases from zero, approaches its highest value x highest À3 dB at a certain optimum cavity length L opt , and then decreases. L opt depends on r int -the larger is r int , the longer should be the optimum cavity. When r int is small [so small that the second terms in the brackets in the right-hand sides of Eqs. (16) and (17) 
where L min 0 and x highest À3 dB j r int ¼0 are the shortest tolerable cavity length and the highest bandwidth, respectively, when r int ¼ 0.
The highest modulation bandwidth x highest À3 dB =2p is shown against r int in Fig. 5 . As seen from the figure, in the ideal case of no free-carrier-density-dependent internal loss in the OCL (and also no carrier capture delay from the OCL into QDs), ðx highest À3 dB j r int ¼0 Þ=2p is about 60 GHz in a GaInAsP structure of Ref. 20 used for our calculations here. In the presence of such a loss, x highest À3 dB =2p is, however, considerably reduced and becomes vanishing as r int approaches its maximum tolerable value (Fig. 5) .
In conclusion, the free-carrier-density-dependent internal optical loss in the waveguide region has been shown to FIG . r max int in the figure corresponds to L ¼ 1 and that is why it is larger than in Fig. 3. considerably reduce the modulation bandwidth x À3 dB of a QD laser. At a certain optimum value j opt 0 of the dc component of the injection current density, the maximum bandwidth x max À3 dB is attained and the response function becomes as flat as possible. While x max À3 dB depends strongly on the effective cross-section r int of internal absorption loss processes (decreases and becomes zero at the maximum tolerable value of r int ), the flattest response function is universal in terms of the normalized modulation frequency x=x max À3 dB . As with j opt 0 , there also exists the optimum cavity length, at which x À3 dB is highest; the larger is r int , the longer should be the optimum cavity. 
